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Varieties of immune cells orchestrate cutaneous immune responses. To capture such dynamic phenomena,
intravital imaging is an important technique and it may provide substantial information that is not available using
the conventional histological analysis. Multiphoton microscopy enables the direct, three-dimensional, and
minimally invasive imaging of biological samples with high spatio-temporal resolution, and it has now become
the leading method for in vivo imaging studies. Using fluorescent dyes and transgenic reporter animals, not only
skin structures but also cell- and humor-mediated cutaneous immune responses have been visualized.
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INTRODUCTION
The cutaneous immune system constitutes
a dynamic network. T cells, granulo-
cytes, dendritic cells, and macrophages
actively move throughout the skin to
scan for pathogens. On the other hand,
inflammatory mediators such as hista-
mine change the vascular permeability
and instantly switch the composition of
extracellular fluids. Intravital imaging
has become an important technique to
capture such dynamic cutaneous immune
events. In the past, intravital imaging of
cutaneous immune responses was per-
formed using confocal or fluorescence
microscopy; however, these conven-
tional microscopies have relatively low
depth of light penetration. Therefore,
intravital imaging studies of cutaneous
immune responses have largely been con-
fined to the epidermis (Kissenpfennig
et al., 2005b; Nishibu et al., 2007).
Multiphoton (MP) microscopy (also
referred to as two-photon excitation
microscopy) was first demonstrated by
Denk (Denk et al., 1990) and is com-
monly used in the mid-2000s. Two-
photon excitation is a fluorescence
process in which a fluorophore (a
molecule that fluoresces) is excited by
the simultaneous absorption of two
photons. Compared with conventional
single-photon excitation microscopies,
two-photon excitation allows deeper
tissue penetration with less photoda-
mage, achieving high spatio-temporal
resolution. From these features, MP
microscopy has become the gold
standard for intravital imaging of bio-
logical specimens (Li et al., 2012). It
may provide substantial information
that is not available using traditional
methods such as histological and flow
cytometer–based analysis.
IN VIVO LABELING OF SKIN
COMPONENTS USING
FLUORESCENCE-LABELED
REAGENTS
MP microscopy has several favorable
advantages to observe the living skin.
First, some biological components in
the skin such as hair shafts, elastic
fibers, and corneocytes are detectable
without exogenous probes because
they intrinsically contain fluorophores
(Figure 1a); (Tsai et al., 2009). Second,
collagen fibers can be visualized using
second harmonic generation. The epi-
dermis and dermis are readily distingui-
shable in vivo using second harmonic
generation (Figure 1b). Third, some
fluorescent-labeled reagents are avail-
able to label skin components (Table 1).
Intravenous injection of fluorescent-
labeled dextran is a common technique
to visualize skin blood vessels
(Figure 1a). As skin blood endothelial
cells limit the passage of albumin (mole-
cular size is 66,000 Da) in the steady
state, fluorescence-labeled dextran lar-
ger than albumin is suitable for this
application. Evans blue is another com-
monly used reagent to visualize blood
vessels because it binds noncovalently
to albumin and produces a sharp emis-
sion peak at 680 nm. In the inflamma-
tory state, however, the permeability
of skin blood vessels is significantly
increased, and thus labeling of blood
vessels with fluorescence-labeled dex-
tran might be difficult. In such a situa-
tion, lectins such as isolectin B4 and
Lycopersicon esculentum (Tomato) lec-
tin are useful as they adhere to blood
endothelial cells.
Fluorescence-labeled dextran has
another interesting application. Fruge´
et al. reported that the subcutaneously
injected dextran was engulfed by epi-
dermal Langerhans cells and dermal
macrophages (Fruge´ et al., 2011). This
technique provides an imaging approach
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to monitor skin phagocytic cells in wild-
type animals. On the other hand, a
subcutaneous injection of isolectin B4
not only labels the dermal vasculature
but also circumscribes epidermal kerati-
nocytes (Figure 1c); (Egawa et al.,
2013c), providing methods to distin-
guish individual keratinocytes in vivo.
Boron dipyrromethene, a lipophilic
fluorescent dye, is another useful
reagent for intravital imaging of the skin.
Intravenous injection of boron dipyrro-
methene labels sebaceous gland of the
hair follicles and subcutaneous adipo-
cytes (Figure 1d); (Egawa et al., 2013a).
In conjugation with autofluorescent
signals and the second harmonic gene-
ration phenomenon, fluorescent dyes
provide structural information on the
living skin without the use of specific
transgenic animals.
TRANSGENIC REPORTER MICE
AVAILABLE FOR INTRAVITAL
IMAGING OF THE SKIN
Transgenic animals that express fluores-
cent reporter proteins in specific tissues
or cells are essential tools for intravital
imaging. Many transgenic reporter mice
have been developed and are used for
in vivo imaging of the skin (Table 2).
Epidermal keratinocytes and skin appen-
dages are readily identified using keratin
5–enhanced yellow fluorescent protein
mice (Figure 1e), whereas blood vessels
and lymphatic vessels are labeled in
Tie2-enhanced green fluorescent protein
(EGFP) (Hillen et al., 2008) and Prox1-
EGFP mice (Choi et al., 2011),
respectively.
Ubiquitous reporter strains such as
chicken beta-actin promoter with CMV
enhance–EGFP or chicken b actin–EGFP
mice (Okabe et al., 1997) are available
to label immune cells in the skin.
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Figure 1. Skin components visualized by two-photon microscopy. (a) Three-dimensional imaging of mouse ear skin. A lethally irradiated mouse received
bone marrow cells from CAG-EGFP mice. Arrows denote hair shafts. Blue; SHG from collagen fibers. Red; blood vessels labeled with TRITC-conjugated dextran.
Scale bar¼ 100mm. (b) The x–z sections of the ear skin from wild-type mice. Dashed line denotes skin surface. Scale bar¼ 25mm. (c) The ear skin of Langerin-GFP
mice. Langerhans cells are labeled using GFP (green). Keratinocytes (red) are labeled using isolectin B4. Scale bar¼ 25mm. (d) Sebaceous gland in the
ear skin labeled using BODIPY. Scale bar¼ 25mm. (e) The x–z sections of the ear skin from K5-EYFP mice. Arrow represents a hair follicle. Scale bar¼25mm.
(f). DNFB-sensitized T cells (red) infiltrated into DNFB-painted skin are visualized. Green; Langerhans cells. Scale bar¼ 25mm. (g) Sixty-minute tracks of CD4þ
(red) and CD8þ (green) T cells in the phorbol-12-myristate-13-acetate-painted skin. (h) Thirty-minute tracks of DNFB-sensitized (green) and TNCB-sensitized (red)
T cells in DNFB-painted skin. Circles represent immobile cells throughout the observation. Scale bar¼100mm. (i) Sequential images of skin blood vessels
before (left) and 5 minutes after (right) histamine injection. Scale bar¼ 100mm. (j) Fold changes of the MFI in the interstitial space 5 minutes after the injection
of vehicle or histamine with or without antihistamine pretreatment. MFI at 1 minute before the histamine injection was used as basis. *Po0.05. CAG,
chicken b-actin promoter with CME enhance; EYFP, enhanced yellow fluorescent protein; His, histamine; MFI, mean fluorescence intensity; TRITC,
tetramethylrhodamine isothiocyanate.
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Lethally irradiated wild-type mice trans-
ferred with bone marrow cells from
CAG-EGFP mice have demonstrated
that bone marrow–derived cells in the
skin, except for radioresistant Langer-
hans cells, are visualized with green
(EGFP) (Figure 1a). Photoconvertible
fluorescent proteins, such as Kaede
and KikGR protein, are now avail-
able to trace cell migration between
different organs (Tomura et al., 2008;
Nowotschin and Hadjantonakis, 2009;
Tomura et al., 2010).
VISUALIZATION OF CELL-MEDIATED
CUTANEOUS IMMUNE RESPONSES
MP microscopy matches best with the
observation of cell-mediated immune
responses because immune cells repre-
sent high motility and rapid changes in
their morphology. Various kinds of sub-
set-specific reporter strains have been
developed, which express fluorescent
tags under the control of subset-specific
promoters (Table 2). With these strains,
intravital imaging analyses have eluci-
dated the cell behaviors in the cuta-
neous immune responses; Langerhans
cells are almost static in the epidermis,
whereas dermal DCs actively migrate
along collagens (Sen et al., 2010).
Dermal macrophages are static and are
distributed throughout the dermis. Ng
Table 1. Reagents used for in vivo labeling of skin components
Reagent Labeling target Type Reference
Dextran Blood vessel Langerhans cell macrophage i.v., s.c. (Fruge´ et al., 2011; Egawa et al., 2013b)
Evans blue Blood vessel i.v. (Abtin et al., 2014)
Quantum dot Blood vessel i.v. (Ballou et al., 2004)
Lectins Blood vessel keratinocyte i.v., s.c. (Nishimura et al., 2007; Egawa et al., 2013c)
BODIPY Sebaceous gland adipocyte i.v. (Egawa et al., 2013a)
Anti-lyve1 antibody Lymphatic vessel s.c. (Sen et al., 2010)
Abbreviations: BODIPY, boron dipyrromethene; i.p., intraperitoneal; i.v., intravenous; s.c., subcutaneous injection.
Table 2. Transgenic mice available for intravital imaging of the skin
Promoter Reporter Type Target cell Reference
Ubiquitous
CAG EGFP Tg Ubiquitous (Okabe et al., 1997)
Chicken b-actin EGFP Tg Ubiquitous (Okabe et al., 1997)
CAG Kaede Tg Ubiquitous (photoconvertible) (Tomura et al., 2008)
CAG KikGR Tg Ubiquitous (photoconvertible) (Nowotschin and Hadjantonakis, 2009)
Bone marrow–derived
CD11c EYFP Tg DC (Celli et al., 2011)
Langerin GFP KI Langerhans cell, Langerinþ dermal DC (Kissenpfennig et al., 2005a)
Lysozyme M EGFP KI Neutrophil, monocyte, macrophage (Celli et al., 2011; Abtin et al., 2014)
DPE GFP Tg Macrophage, plasmacytoid DC, T cell (Abtin et al., 2014)
CSF-1R EGFP Tg Neutrophil, monocyte, macrophage (Celli et al., 2011)
IL-1b DsRed Tg Langerhans cell, keratinocyte (Matsushima et al., 2010)
Mcpt5 YFP Cre/loxp Mast cell (Dudeck et al., 2011)
CXCR6 EGFP KI gd T cell (Gray et al., 2011)
CD41 YFP KI Platelet (Zhang et al., 2007)
Others
Tie2 GFP Tg Blood vessel (Hillen et al., 2008)
Prox1 EGFP Tg Lymphatic vessel (Choi et al., 2011)
Thy1.2 EGFP Tg Neuron (Feng et al., 2000)
Keratin14 GFP Cre/loxp Keratinocyte (Ra et al., 2010)
Abbreviations: CAG, chicken b-actin promoter with CMV enhance; CSF, colony-stimulating factor; DC, dendritic cell; DPE, distal/proximal enhancer and
promoter of CD4; EGFP, enhanced green fluorescent protein; EYFP, enhanced yellow fluorescent protein; GFP, green fluorescent protein; KI, knock-in;
Tg, transgenic; YFP, yellow fluorescent protein.
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et al. analyzed the mechanism of
neutrophil accumulation toward the
skin injury site (Ng et al., 2011), and
the group has recently revealed a novel
interesting function of perivascular
macrophages in neutrophil recruitment
(Abtin et al., 2014). Mast cells are also
static but they are prone to be distri-
buted along with blood vessels and
they change their morphology upon
inflammations (Dudeck et al., 2011).
Leukocyte extravasation mechanism
was extensively analyzed using MP
microscopy. Hyun et al. visualized the
uropod elongation during leukocyte
extravasation and CD18þ deposit at
the subendothelial layer before retract-
ing the stretched uropod (Hyun et al.,
2012). In addition, it has been revealed
that the inflammation is required for
cutaneous T-cell infiltration (Chakraverty
et al., 2006) and that T-cell extravasation
is mediated by intraendothelially stored
chemokines rather than extracellular
chemokine depots (Shulman et al., 2012).
The motility and nature of skin-
infiltrated T cells was also analyzed. In
the inflammatory states such as contact
dermatitis, many T cells infiltrate into
the skin and interact with skin-resident
antigen-presenting cells (Figure 1f). Both
CD4þ and CD8þ T cells actively
migrate in the dermis until they meet
cognate antigens (Figure 1g and h)
(Egawa et al., 2011), and dermal migra-
tion of CD4þ T cells was integrin a5
dependent (Overstreet et al., 2013). On
the other hand, Gebhardt et al. demon-
strated a unique nature of T cells after
herpes simplex virus infection, which
was a slow-moving population of
sequestered CD8þ T cells that were
resident in the epidermis, and a dyna-
mic population of CD4þ T cells that
migrated rapidly through the dermis
(Gebhardt et al., 2011). Taken together,
the intravital imaging by MP microscopy
has unveiled the fine-tuning of cuta-
neous immune networks that were
difficult to be dealt with traditional
histological methods.
EVALUATION OF VASCULAR
PERMEABILITY USING MP
MICROSCOPY
The immediate (type I) hypersensitivity
that controls humoral immunity is another
important cutaneous immune response
(Samuelsson, 1983). Using MP micro-
scopy, we can visualize dynamic
changes of vascular permeability in a
real-time manner (Egawa et al., 2013b).
To achieve this, several sizes of
fluorescence-labeled dextran were used
as tracers. We demonstrated that dextran
larger than 70 kDa was retained within
the blood vessels for hours (Figure 1i;
left), whereas large dextran (up to
2,000 kDa) leaked from the blood
within minutes upon histamine admin-
istration (Figure 1i; right). Using this
visualization strategy, we can also eval-
uate the efficacy of antihistamine drugs
quantitatively (Figure 1j), the distribu-
tion of plasma proteins such as auto-
antibodies in different inflammatory
contexts, and the site where the leakage
of plasma proteins occurs. The above
information may lead to an in-depth
understanding of the pathomechanism
of skin diseases, such as vasculitis and
autoimmune blistering diseases.
PERSPECTIVE—TOWARD THE
IMAGING OF HUMAN SKIN
IMMUNE RESPONSES
Using murine models, many immune
responses including graft-versus-host
disease (Lin et al., 2014), metallic
allergy (Graf et al., 2013), and tumor
inoculation (Boissonnas et al., 2013)
have been characterized with MP
microscopy. Immunological analyses
in murine, however, have some limita-
tions; for example, the murine epidermis
contains many gd T cells, but this is not
the case in humans. Moreover, most of
the murine skin is covered with hair,
unlike in humans. Therefore, the
analysis using human biological
samples is getting more important.
MP microscopy is now used as a
noninvasive diagnostic tool for human
skin diseases, including skin tumors,
skin aging, and connective tissue dis-
eases (Tsai et al., 2009; Murata et al.,
2013). The attempt to visualize the skin
immune responses is, however, just
getting started. Because immune cells
represent no autofluorescent signals,
ex vivo imaging of biopsy samples in
conjugation with whole-mount immuno-
fluorescence staining techniques might
have a pivotal role. Recently, Wang et al.
demonstrated the three-dimensional
distribution of blood capillaries, lympha-
tics, dermal DCs, macrophages, and
lymphocytes in fixed but whole-mount
human skin biopsy samples (Wang
et al., 2014). We hope that the dyna-
mics of living immune cells in fresh skin
biopsy samples might be visualized in
the near future.
CONFLICT OF INTEREST
The authors state no conflict of interest.
REFERENCES
Abtin A, Jain R, Mitchell AJ et al. (2014) Perivas-
cular macrophages mediate neutrophil
recruitment during bacterial skin infection.
Nat Immunol 15:45–53
Ballou B, Lagerholm BC, Ernst LA et al. (2004)
Noninvasive imaging of quantum dots in
mice. Bioconjug Chem 15:79–86
Boissonnas A, Licata F, Poupel L et al. (2013)
CD8þ tumor-infiltrating T cells are trapped
in the tumor-dendritic cell network. Neopla-
sia 15:85
Celli S, Albert ML, Bousso P (2011) Visualizing the
innate and adaptive immune responses under-
lying allograft rejection by two-photon micro-
scopy. Nat Med 17:744–9
Chakraverty R, Coˆte´ D, Buchli J et al. (2006) An
inflammatory checkpoint regulates recruit-
ment of graft-versus-host reactive T cells to
peripheral tissues. J Exp Med 203:2021–31
Choi I, Chung HK, Ramu S et al. (2011) Visualiza-
tion of lymphatic vessels by Prox1-promoter
directed GFP reporter in a bacterial artificial
chromosome-based transgenic mouse. Blood
117:362–5
Denk W, Strickler JH, Webb WW (1990) Two-
photon laser scanning fluorescence micro-
scopy. Science 248:73–6
Dudeck A, Dudeck J, Scholten J et al. (2011) Mast
cells are key promoters of contact allergy that
mediate the adjuvant effects of haptens.
Immunity 34:973–84
Egawa G, Honda T, Tanizaki H et al. (2011) In vivo
imaging of T-cell motility in the elicitation
phase of contact hypersensitivity using two-
photon microscopy. J Invest Dermatol 131:
977–9
Egawa G, Miyachi Y, Kabashima K (2013a) Identi-
fication of perivascular adipose tissue in the
mouse skin using two-photon microscopy.
J Dermatol Sci 70:139–40
Egawa G, Nakamizo S, Natsuaki Y et al. (2013b)
Intravital analysis of vascular permeability in
mice using two-photon microscopy. Sci Rep
3:1932
Egawa G, Natsuaki Y, Miyachi Y et al. (2013c)
Three-dimensional imaging of epidermal ker-
atinocytes and dermal vasculatures using two-
photon microscopy. J Dermatol Sci 70:143–5
Feng G, Mellor RH, Bernstein M et al. (2000)
Imaging neuronal subsets in transgenic mice
expressing multiple spectral variants of GFP.
Neuron 28:41–51
K Kabashima and G Egawa
Imaging of Cutaneous Immune Responses
www.jidonline.org 2683
Fruge´ RE, Krout C, Lu R et al. (2011) Real-time
visualization of macromolecule uptake by
epidermal Langerhans cells in living animals.
J Invest Dermatol 132:609–14
Gebhardt T, Whitney PG, Zaid A et al. (2011)
Different patterns of peripheral migration by
memory CD4þ and CD8þ T cells. Nature
477:216–9
Graf BW, Chaney EJ, Marjanovic M et al. (2013)
In vivo imaging of immune cell dynamics in
skin in response to zinc-oxide nanoparticle
exposure. Biomed Opt Express 4:1817–28
Gray EE, Suzuki K, Cyster JG (2011) Cutting edge:
identification of a motile IL-17–producing gd
T cell population in the dermis. J Immunol
186:6091–5
Hillen F, Kaijzel EL, Castermans K et al. (2008) A
transgenic Tie2-GFP athymic mouse
model; a tool for vascular biology in xenograft
tumors. Biochem Biophys Res Commun 368:
364–7
Hyun Y-M, Sumagin R, Sarangi PP et al. (2012)
Uropod elongation is a common final step in
leukocyte extravasation through inflamed
vessels. J Exp Med 209:1349–62
Kissenpfennig A, Henri S, Dubois B et al. (2005a)
Dynamics and function of Langerhans
cells in vivo: dermal dendritic cells colonize
lymph node areasdistinct from slower migrat-
ing Langerhans cells. Immunity 22:643–54
Kissenpfennig A, Henri S, Dubois B et al. (2005b)
Dynamics and function of Langerhans cells
in vivo: dermal dendritic cells colonize lymph
node areas distinct from slower migrating
Langerhans cells. Immunity 22:643–54
Li JL, Goh CC, Keeble JL et al. (2012) Intravital
multiphoton imaging of immune responses in
the mouse ear skin. Nat Protoc 7:221–34
Lin KL, Fulton LM, Berginski M et al. (2014)
Intravital imaging of donor allogeneic effector
and regulatory T cells with host dendritic cells
during GvHD. Blood 123:1604–14
Matsushima H, Ogawa Y, Miyazaki T et al. (2010)
Intravital imaging of IL-1b production in skin.
J Invest Dermatol 130:1571–80
Murata T, Honda T, Miyachi Y et al. (2013)
Morphological character of pseudoxanthoma
elasticum observed by multiphoton micro-
scopy. J Dermatol Sci 72:199–201
Ng LG, Qin JS, Roediger B et al. (2011) Visualizing
the neutrophil response to sterile tissue injury
in mouse dermis reveals a three-phase cascade
of events. J Invest Dermatol 131:2058–68
Nishibu A, Ward BR, Boes M et al. (2007) Roles for
IL-1 and TNFalpha in dynamic behavioral
responses of Langerhans cells to topical hap-
ten application. J Dermatol Sci 45:23–30
Nishimura S, Manabe I, Nagasaki M et al. (2007)
Adipogenesis in obesity requires close inter-
play between differentiating adipocytes, stro-
mal cells, and blood vessels. Diabetes 56:
1517–26
Nowotschin S, Hadjantonakis AK (2009) Use of
KikGR a photoconvertible green-to-red fluor-
escent protein for cell labeling and lineage
analysis in ES cells and mouse embryos. BMC
Dev Biol 9:49
Okabe M, Ikawa M, Kominami K et al. (1997)
Green mice’as a source of ubiquitous green
cells. FEBS Lett 407:313–9
Overstreet MG, Gaylo A, Angermann BR et al.
(2013) Inflammation-induced interstitial
migration of effector CD4(þ ) T cells is
dependent on integrin alphaV. Nat Immunol
14:949–58
Ra H, Gonzalez-Gonzalez E, Smith BR et al. (2010)
Assessing delivery and quantifying efficacy of
small interfering ribonucleic acid therapeutics in
the skin using a dual-axis confocal microscope. J
Biomed Opt 15:036027
Samuelsson B (1983) Leukotrienes: mediators of
immediate hypersensitivity reactions and
inflammation. Science 220:568–75
Sen D, Forrest L, Kepler TB et al. (2010) Selective
and site-specific mobilization of dermal den-
dritic cells and Langerhans cells by Th1-and
Th2-polarizing adjuvants. Proc Natl Acad Sci
USA 107:8334–9
Shulman Z, Cohen SJ, Roediger B et al. (2012)
Transendothelial migration of lymphocytes
mediated by intraendothelial vesicle stores
rather than by extracellular chemokine
depots. Nat Immunol 13:67–76
Tomura M, Honda T, Tanizaki H et al. (2010)
Activated regulatory T cells are the major
T cell type emigrating from the skin during a
cutaneous immune response in mice. J Clin
Invest 120:883–93
Tomura M, Yoshida N, Tanaka J et al. (2008)
Monitoring cellular movement in vivo with
photoconvertible fluorescence protein
"Kaede" transgenic mice. Proc Natl Acad Sci
USA 105:10871–6
Tsai TH, Jee SH, Dong CY et al. (2009) Multi-
photon microscopy in dermatological ima-
ging. J Dermatol Sci 56:1–8
Wang X-N, McGovern N, Gunawan M et al.
(2014) A three-dimensional atlas of
human dermal leukocytes, lymphatics,
and blood vessels. J Invest Dermatol 134:
965–74
Zhang J, Varas F, Stadtfeld M et al. (2007) CD41-
YFP mice allow in vivo labeling of megakar-
yocytic cells and reveal a subset of platelets
hyperreactive to thrombin stimulation. Exp
Hematol 35:490–9. e1
K Kabashima and G Egawa
Imaging of Cutaneous Immune Responses
2684 Journal of Investigative Dermatology (2014), Volume 134
